Abstract Improved supervirtual interferometry (SVI) method that enhance the signal-to-noise ratio (SNR) of noisy seismic refraction data is presented. This 3D supervirtual algorithm is helpful in removal of side lobes caused by convolution in the conventional 3D SVI method. In this study, we extend the supervirtual seismic refraction interferometry method to 3D geometries commonly used in active seismic exploration. To achieve this objective, synthetic 3D seismic refraction data were created using single patch orthogonal geometry. Simple two-layers velocity model was used. A zero phase wavelet was convolved with the refraction travel time to create the seismic wiggle trace. The refraction arrival is computed using the equation for horizontal refractor case and is not adapted for dipping refractor. Noise of Gaussian distribution with zero mean and 0.25 standard deviation was added to simulate a case of moderate ambient noise. The supervirtual algorithm, consisting of crosscorrelation, alignment, summation, and first arrival calculation is performed. By aligning and summation of all the correlogram, the stationary position of source-receiver pairs as required in the 2D supervirtual method are eliminated in this case. Synthetic data presented in this study shows accurate first arrivals after the application of the 3D SVI and traces with much better SNR than the actual traces.
Introduction
The quality of near-surface seismic data is expected to improve with modern acquisition design and array of geophones. In spite of the progress made in seismic surveying, seismic data still suffer from poor quality, especially data collected in areas with complex near-surface geology. Such conditions result in data showing improper imaging of geologic structures. This distortion of near-surface seismic signals occurs as a result of complex subsurface topography, varying lateral velocity, and noise traveling within the near surface layer. Areas where this geologic problem occurs pose great challenges to exploration activities. This poor data quality problem damps the effectiveness of traditional processing methods. Therefore, it became imperative to enhance the signal-to-noise ratio (SNR) of data with this peculiar problem before processing and interpretation.
Near-surface records resulting from complex overburden can be imaged using the virtual source method (Bakulin and Calvert 2004) . Korneev et al. (2008) used virtual source method to image complex overburden and they applied the technique to synthetic data acquired from model typical of Middle East structures.
There are many methods for improving data quality from near-surface records including seismic interferometry. For instance, Akram and Eaton (2014) proposed an algorithm based on repetitive crosscorrelation to improve arrival time picking. Seismic interferometry has been used for enhancing the signal-to-noise ratio of seismic data (Al-Shuhail et al. 2013 ). The concept is to merge waveform, recorded at different receivers to generate the wave that would travel between these receivers if one of these receivers was a source. This eliminates the need to have a source located at each receiver positions. Seismic interferometry utilizes the crosscorrelation of a trace pair to reproduce the Green's function between them. The resulting Green's functions are stacked to produce an enhanced version of Green's function between the receiver pair. Previous studies (e.g., Nicolson 2011; Nicolson et al. 2012; Kang; Liu et al. 2014; Al-SHuhail 2015) have used the technique of seismic interferometry to image complex subsurface structures successfully.
This study focuses on the use of seismic interferometry algorithm adapted from Al-Shuhail et al. (2013) and Al-Shuhail (2015) to enhance first arrivals on active 3D seismic data. Applying the conventional 2D SVI on 3D seismic refraction data suffers a setback because the 2D SVI assumed a stationary position for source-receiver pairs which is not applicable in 3D case. Lu et al. (2014) proposed 3D SVI algorithm which generates virtual and supervirtual traces and integrate them along source and receiver lines respectively before stacking. We have proposed 3D SVI method that improves the generation of supervirtual traces. This algorithm considers the alignment of correlograms, generated from crosscorrelating all traces, to common time. Based on this concept, all traces from the 3D seismic refraction data could be considered at the same time regardless of their receiver or source lines. Therefore, this study proposes a modified 3D supervirtual interferometry algorithm which includes crosscorrelation, alignment, summation, and first-arrival calculation.
Method Theory
The seismic signal recorded during refraction surveying is known as the head wave. When the refracted angle of incidence is greater than the angle at which the refracted signal travels at the interface between low and high-velocity layers, an head wave will occur. Head wave is refracted back to receiver in the upper layer at an angle equal to the critical angle (Fig. 1) .
In a simple seismic refraction acquisition model where velocity increases with depth, the head wave ( Fig. 1) , which is our focus in this study, propagates along the subsurface refractor which occur at the interface between lowvelocity and high-velocity media. The head wave arrivals from each geophone can be approximated in Fourier domain (Mallinson et al. 2011) . The mathematical expressions below for the arrivals and crosscorrelation (Fig. 2) are summarized from Mallinson et al. (2011 ), Dong et al. (2006 ), and Schuster (2009 . Given the head wave arrival times from source to subsurface refractor beneath the first and second receivers respectively, arrivals equations are described as follows.
The head wave arrival at the first receiver position (G(s,b) ) is given by:
(1) and the head wave arrival at the second receiver position (G(s,a)) is given by:
where A(s,b) and A(s,a) are the amplitude term for first and second receiver locations respectively, s is the source position, a and b are the receiver positions, τ sa is the travel time from s to a , τ a b is the travel time from a to b and τ a a is the travel time from a to a. To generate virtual refraction, we crosscorrelate the two traces from each receivers (i.e., trace a with trace b), which re-datums the source to a point on the subsurface refractor beneath the first receiver location (Dong et al. 2006; Schuster and Zhou 2006) . The seismic signal is induced at an early time described in Fig. 2 . The mathematical relations for the crosscorrelation of trace a with trace b are shown below: In the above equation, amplitude terms from the two traces are assumed to be the same and are independent of receiver locations. Therefore, we conclude that the crosscorrelation of two different traces (recorded at points a and b) with each other, generates an event similar to an event recorded when the source is placed at the subsurface refractor beneath the first receiver which is at the divergence point. The source of this event has an early time of τ a a and it is not depending on the main source location, as long as the subsurface refractors offset is postcritical. If we crosscorrelate these two traces from many sources and generate a common-pair correlogram of a N (total number of correlogram) number of trace crosscorrelations, we may sum them up to obtain an enhanced correlogram with better SNR. Therefore, the equation for the enhanced correlogram (E (a, b)) can written as follows: 
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The above equation describes the trace recorded at b, with ray-path from source position on the subsurface refractor at point a with refraction source time of −τ a a . Notice that Eq. 7 is peculiar to waves that obey head wave assumptions; all other waves recorded by the receivers, such as primary, ground roll and multiples will experience destructive interference while the head wave will experience constructive interference (Mallinson et al. 2011 ) when crosscorrelated and summed together. The time effect of crosscorrelation and summation shows that the arrival times of the raw traces have been shifted to arrival times of the enhanced traces, due to the process of re-positioning the source beneath the receiver. Hence, there is a need to bring the enhanced traces back to their correct time. To achieve this, we convolve the virtual traces with the raw traces which will generate supervirtual refraction traces because it appears the source has been re-positioned back to a new position at the surface as shown in Fig. 2 . The equation for describing this scenario is shown below:
Equation 3.10 describes the trace recorded at the receiver position b, with the source position s. This generated trace Repeating this procedure for all R number of traces and consideration of all source-receiver pairs from the same subsurface refractor will generate many traces and when stacked will increase SNR of the raw traces by √ R. The equation describing the receiver stacking process is as shown below:
Q(s,b) described the supervirtual traces summed together to generate enhanced traces with better SNR, r and s depict the receivers and sources, respectively, where N is the number of sources and R is the number of postcritical head wave traces recorded. As the offset increases, the value of R also increases, so it is offset dependent. This practically solves the problem of low SNR recorded at far offset in the raw traces, because the supervirtual traces SNR increases with offset. This entire process can be replicated for several receiver lines to form a 3D grid, as described in "Results" section. It is pertinent to note that convolving the enhanced trace with the raw trace will re-introduce noise into the data, as a result, the initial source wavelet is no longer preserved. Side lobes are formed around the main wavelet after convolution which distorts the first arrival wave shape and poses a great challenge during picking (Alshuhail et al. 2012 ).
To overcome this problem, we consider a semi-automatic method to shift back the first-arrival on the enhanced trace to its correct time. The semi-automatic method is discussed in detail in "Semi-automatic first-arrival calculation method" section4.
The 3D supervirtual seismic refraction interferometry method
The supervirtual algorithm used in this study is adapted from Al-Shuhail et al. (2013) and Al-Shuhail (2015) , and its steps are described as follows:
Crosscorrelation
The traces recorded from the same source are crosscorrelated separately. This is because signals from the same . For a particular source, trace recorded at the first receiver location is crosscorrelated with traces recorded at the rest of the receiver locations. Similarly, the second proximal trace is correlated with the distal receiver locations. This is done sequentially till the last trace is crosscorrelated. The crosscorrelation process considers two distinct traces at a time and is executed based on receiver lines. That is, all traces from one receiver line are crosscorrelated separately before moving to other receiver lines; this takes care of crossline inhomogeneity of the subsurface refractor. Therefore, all trace combinations are given by:
where TC is the number of trace combinations and n is the number of traces per receiver line. The entire procedure is repeated for all sources and other receiver lines.
Since the traces are from the same source, the enhanced signals are expected to be similar after crosscorrelation, only note that the time would be different due to different receiver position (Al-Shuhail et al. 2013) . This is why the correlograms must be aligned before stacking.
Alignment
This is done to shift the positions of the maximum amplitude of each correlogram to common time irrespective of their receiver locations, so that when they are summed up they will add up in phase to create an enhanced signal with better SNR. The timing of a correlogram maximum is given below.
where t ij is the timing of the correlograms maximum produced by cross-correlating the ith and j th traces, t i is the first-arrival timing on the ith traces, and t j is the first-arrival timing on the j th trace and y = 21 is the number of traces in a receiver line.
Summation
Summation of the aligned correlograms creates an enhanced trace that has an SNR better than the individual correlograms (Al-Shuhail et al. 2013 ). The SNR improvement of the stacked correlograms is theoretically equal to √ NR * (NR − 1)/2 where NR is the number of crosscorrelated receivers. Next, we shift the enhanced trace back to its correct time.
Semi-automatic first-arrival calculation method
The semi-automatic method is used to shift the seismic event back to its correct time. The procedure involves manual picking of the arrival time of one of the raw traces before crosscorrelation. Any raw trace can be used as a reference trace as long as the first arrival can be picked manually. In the synthetic used to test this algorithm, we always consider the picking of first arrival of the first trace since the first arrival can always be picked manually on it. Then, we keep this time as an input parameter for semi-automatic algorithm and execute the semi-automatic flow chart as shown in Fig. 3 . After crosscorrelation, alignment, and summation, we then use the manually picked arrival time to estimate the correct time for all the traces, which is described in the equation below:
where t me is the correct time of first arrival on the mth enhanced trace, t r is the first arrival time on the reference (first) trace before crosscorrelation, d trm is the position of the maximum on the correlogram produced by crosscorrelating the mth trace with the reference trace, and t m is the first-arrival time on the mth raw trace.
Synthetic 3D seismic refraction example
Description of the synthetic data
In this study, we use synthetic 3D seismic data with acquisition geometry based on predetermined sets of parameters. To make the 3D acquisition geometry easily adaptive to supervirtual algorithm, we decided to use single patch orthogonal field layout (Fig. 4) The acquisition is similar to active 3D seismic land acquisition procedure. Firstly, sources within the patch area are shot and recorded by each of the receivers. In this case, all the 105 receivers will record signal from the same source as shown in Fig. 4 . Sources on the same source line (going inside the patch) are detonated (synthetically) and recorded by the same patch, the procedure will continue until all sources (105) within the patch are detonated. The records are therefore separated into shot gathers and receiver gathers, preparing the data for the processes of crosscorrelation, aligning, summation, and shifting of the enhanced traces to their correct positions.
Synthetic data generation
The synthetic data used in this study are generated by convolving a zero phase wavelet with refraction travel time computed using seismic refraction arrival time equation. Source wavelet is computed using the equation below:
where S w is the source wavelet, f is the dominant frequency, and t is the time. Using the frequency of 25 Hz, source wavelet is computed for t ranging from -w to w, where w = 1/f (Fig. 5) . The refraction arrival is computed as follows:
where h is the depth from the surface to the refractor, V 1 and V 2 are the upper and lower layer velocities, respectively, and x is the offset. The single patch orthogonal geometry used in this study consists of five receiver lines and five source lines. Each source line has 21 sources and each receiver line has 21 receivers. A simple two-layer model (V 1 = 1500 m/s, V 2 = 2500 m/s) is adopted here. Figure 6 shows the 3D velocity model and the arrays of sources and receivers. The data are recorded per source because records from the same source assumed to have a similar signal. The data are then separated into shot gathers per receiver line.
Results
All the results are presented in this section, from the single patch 3D acquisition geometry to the final output of enhanced traces. Figure 7 shows the seismic refraction traces for receiver line 1, with 21 traces from shot numbers 1, 43, and 105. This is just to show a few of the 3D shots records; any desired shot record could be extracted from the supervirtual computer program. These figures show the trend of the first arrival from different sources. Signals from near sources have the shortest first arrival while signals from far sources have the longest first arrival. Also, trend and shape of first arrivals of these data show the relative position of the sources from the receivers. For instance, Fig. 7b with records from source 43 and receiver line 1, has C-shape first arrival trend. This indicates that source 43 is at the center but not the same line with receiver line 1. Also for a straight trend, it indicates that the source is either at the beginning or end of the receiver line, as in the case of Fig. 7c . For later comparison, true first-arrival times are extracted for receiver line 1 from shots number 1, 43, 105 and shown in Table 1 . These results will be compared with the arrival time after performing the first arrival enhancement algorithm. The above data form the basis of comparison since its parameters are known; results of the supervirtual algorithm are compared for quality control to know if the algorithm gives satisfactory results. This measure boosts our confidence level of the supervirtual methods after passing the quality control test. The same amount of normally distributed noise with standard deviation of 0.25 is added to the shot records to make the signal appear imperceptible. Adding this noise level makes the SNR of the noisy traces about 4. The noise level may vary in the real seismic data case; however, the noise level used for this synthetic data is comparable with noisy seismic refraction field records. Although the signal trend may be noticeable in some shot records, automatic first arrival picking at this noise level might be difficult as an interpreter could pick noise arrival time instead of the refraction signal. This is because some of the amplitudes of the noise are equal to that of the signal, in which case, apart from proper and careful signal examination, it may not be easily differentiated around the signal. Therefore, to ease first arrival picking and reduce risk associated with mistaking noise for signal in this typical noise level, there is a need for enhancing the first arrival. Figure 8 shows the shot records after the addition of noise; this simulates typical noisy data in an area with a complex geology problem. Again, the choice to show a few shot records is discretional, any desired shot record could be extracted from the 3D supervirtual program. Even though the program handles the total sum of the 3D data sequentially, desired shot record could be extracted; this makes the program very robust in handling 3D data.
Result of SVI methods
To make the entire shot records adaptive to the supervirtual algorithm, each shot record was separated into receiver lines (inlines). For instance, shot 105, at the first receiver line (line1) has 21 traces, similarly, receiver lines two to five have 21 traces each for the same source position. These traces are crosscorrelated accordingly, beginning with the first receiver line. Using the trace combination techniques discussed in the previous chapter, the result of the crosscorrelation yielded 210 traces per receiver line with a shift in the position of the maximum amplitudes of each of the enhanced traces. This is because the time lag at which the crosscorrelated traces are most similar is not the same as the time of the raw signal before crosscorrelation. Since maximum amplitude is created at that particular time lag where the crosscorrelated traces are most similar, so the maxima positions of the correlograms has to be shifted from their correct time which should be aligned to common time (t 0 ) so that when they are summed up, they will add up constructively in phase to yield an enhanced signal with better SNR. Figure 9 shows the results of crosscorrelation while Fig. 10 shows the outcome of alignments for the first receiver line from shot number 1. While most of the maxima positions are aligned to the same time position, a few maxima are not aligned. Since we got a substantial amount of the traces that are aligned, we are confident that summing them up would enhance the signal better. Figure 11 shows the outcome of the traces after stacking; it shows a clear difference between the noise and the signal. Summation of the correlograms reduced the noise to an average of 0.05 and enhanced the signal to an average of 1 giving a SNR of about 20 compared to a SNR of only 4 for the raw traces. This is a clear improvement of the signal after summation as shown in the Fig. 11 . The virtual traces were shifted to their correct time using the semi-automatic method discussed in the previous section. For the first receiver line at shot number 1, the arrival time of the first receiver, t gr1 = 168, was used. This shows the manually picked time on the first trace within the first receiver line and it is the only stage that is not automated in the proposed algorithm; all other stages are automated. Similarly, t gr2 = 183 andt gr3 = 163 are used for receiver line 1 at shots number 43 and 105, respectively. The procedure was repeated for all the other sources and the outcomes are recorded. Figure 12 shows the supervirtual traces after shifting the enhanced traces back to their correct time; it is evident from the result that the noise level is reduced while the signal improves. To visualize how much the traces have been enhanced after the application of the supervirtual methods, noisy traces were plotted alongside enhanced traces and it is clearly shown in Fig. 13 that the supervirtual algorithm has successfully improved the SNR of the noisy seismic refraction data.
Noiseless
Analysis of results
In order to test the efficiency of the supervirtual algorithm, first arrivals are extracted from the enhanced seismic data after performing the supervirtual methods on the noisy traces and the data are tabulated for comparison. Table 2 shows the results of first arrivals from raw traces and after performing supervirtual methods. These first arrivals results were plotted per source (Fig. 14) , and the results show a close match between the noiseless and enhanced traces.
Generally, results show first arrivals having a strong correlation with the first arrival of raw synthetic data without noise. Percentage error was computed and plotted; the results show that errors are very small (less than 5 %). Visual inspection of the plot of these errors (Fig. 15) shows the same observation. This makes the proposed method credible in enhancing first arrivals of 3D seismic refraction data.
Conclusion
This study demonstrates how supervirtual methods proposed by Al-Shuhail et al. (2013) and Al-Shuhail (2015) could be used to enhance first arrivals of active 3D seismic refraction data. The success of the 3D supervirtual methods is determined by the source and receiver array because subsurface refractor is the main focus of the supervirtual algorithm. Therefore, to image subsurface refractors effectively, the source-receiver array should be decided not too far away. Although the supervirtual method can take care of far offset problems (Mallinson et al. 2011) , the geology may not be uniform over the survey area. This study uses a single patch orthogonal array with many sources and receivers which take care of problems associated with inhomogeneity of the subsurface refractors. Noise of Gaussian distribution is added to the raw synthetic data to make refraction signal imperceptible. Also for practical analysis, the supervirtual algorithm is performed on each receiver line per shot, because a signal from the same source is expected to be similar at the receiver locations. This procedure is repeated for all the 105 sources in each case performing the supervirtual methods on each receiver line. The outcome shows enhanced signal with first arrival similar to that of the raw synthetic data before the addition of noise which proves the efficacy of the supervirtual methods. The semi-automatic method solves the problem of re-introducing noise into the enhanced traces while trying to shift the signal back to correct time, which is common with the convolution method. This method utilizes a reference first arrival pick of one the noisy traces which is carried out manually. Aligning all the correlograms to common time makes this algorithm plausible in handling 3D supervirtual interferometry. Generally, most of the errors from the enhancement of traces are less than 5 % and some have no error; this shows that the supervirtual method is adequate to enhance first arrivals of active synthetic 3D seismic refraction data.
